A sequence comparison of nine functionally different GTP-binding protein families has yielded further information on the general characterization ofthe conservation and importance of amino acid sequences in the GTP-binding domain, including (i) a consensus sequence composed of three consensus elements GXXXXGK, DXXG, and NKXD with consensus spacings of either 40-80 or 130-170 amino acid residues between the first and second elements and -40-80 amino acid residues between the second and third sequence elements; (it) the sequence NKXW in place of NKXD in the sequence element responsible for base specificity allows the use of ITP as well as GTP; (fib) dGTP can be used with essentially the same efficiency as GTP; (iv) signal transducing proteins and enzymes have been identified in the nine families; and (v) family conservations allow the identification of the most probable consensus sequence element when more than one is present. Employing these features we have screened the protein sequence data base of the Protein Identification Resource and have identified only known GTP-binding proteins with the exception of protein 2C from foot-and-mouth disease virus as matching the consensus sequence. Based on this finding we predict that foot-and-mouth disease virus protein 2C binds GTP and, by analogy, that protein 2C from several related viruses (polio, rhino, encephalomyocarditis, and cowpea mosaic) will bind a nucleotide as part of its biologic activity.
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The cloning and sequencing of many proteins have stimulated a search for common primary structure motifs that could be used to predict protein function. Nucleotide binding is a property that has been extensively studied and it would be very valuable if it could be predicted based on the primary structure. ATP-binding proteins have been characterized at the structural level by the Rossmann fold (1, 2) and attempts have been made to characterize a common sequence. However, the proposed common sequence elements, typically a glycine-rich region, cannot be characterized by a consensus sequence nor are they unique enough to have predictive value (3, 4) . Recently, the x-ray structure of the GTP-binding domain of elongation factor Tu (EF-Tu) was reported by la Cour et al. (5) and a consensus sequence for GTP-binding domains was proposed (6) . In contrast to the ATP-binding sequence, the GTP-binding sequence is more extensive and unique. The GTP-binding consensus sequence has been found in a wide variety of proteins performing diverse functions and having a high affinity for GTP. These proteins include the elongation factors, ras p21 protein, phosphoenolpyruvate carboxykinase (GTP) (EC 4.1.1.32) (PEPCK), and guanine nucleotide-binding proteins of adenylate cyclase (G proteins). Based on a further review of the literature we have refined the GTP-binding domain consensus sequence and have tested the predictive value of this consensus sequence by using it in a computer search of the Protein Identification Resource (PIR) protein sequence data base. In this paper we report our consensus sequence, a list of known GTP-binding proteins that match the consensus sequence, and the results of our computer search.
MATERIALS AND METHODS
Search of the PIR Protein Sequence Data Base. We screened the protein sequence data base of the PIR, supported by the Division of Research Resources of the National Institutes of Health, using the Bionet program "Quest" (Intelligenetics), looking for proteins that had the three elements of the consensus sequence (see text) in the proper order. In our initial screen we allowed conservative amino acid replacements: A for G, E for D, Q for N. At the time the data base was screened, August 1986 (release 10.0), =3800 protein sequences were present. The data base was screened for the ( where G/A means G or A and X can be any amino acid). The spacing between the three sequence elements was allowed to be any number of amino acids.
Calculation of the Probability of the Chance Occurrence of the Consensus Sequence. In the determination of the probability of the occurrence of the consensus sequence strictly by chance, several assumptions were made: (i) all amino acids occur with equal frequency (1/20); (it) the length of the average protein was taken as 1000 amino acid residues; (iii) the spacing between the consensus elements GXXXXGK, DXXG, and NKXD is about 40-80 amino acids. The approximate probability of the three sequence elements appearing in a protein of 1000 amino acids is thus: Though the assumptions used may not be entirely valid (G and K often exceed 5%, the average molecular size is often taken as 450-600 amino acids), the chance occurrence of the three consensus elements correctly spaced would appear to be between 1/5000 and 1/10,000.
Assays. Polyphenylalanine synthesis was monitored by the described (9), except the assay was performed in the reverse direction as described in ref. 10 . The GDP-binding activity was determined as protein-dependent retention of radiolabeled GDP on nitrocellulose filters (7) . RESULTS GTP-Binding Domain Consensus Sequence. Based on the x-ray data of the GTP-binding domain of EF-Tu (5) and a sequence comparison of other known GTP-binding proteins, a consensus sequence can be found. The consensus sequence contains three consensus elements, GXXXXGK, DXXG, and NKXD, with a consensus spacing requirement of =40-80 amino acids between the first and second and between the second and third sequence elements. The first two elements are involved in interactions with the phosphate portion of the GTP molecule and the last element is involved in nucleotide specificity (6) . Table 1 amino acids between the first two sequence elements but the conserved spacing between the second and third sequence element.
The first consensus element GXXXXGK is similar to the glycine-rich area seen in many ATP-binding proteins (3, 4, 41, 42) . However, a significant difference is the variability in the sequence for ATP-binding proteins and the strong conservation in sequence for the GTP-binding proteins (this difference will be further examined in the Discussion). For three of the proteins listed in Table 1 (EF-G, EF-2, and LepA), the first glycine in GXXXXGK is replaced by alanine. This finding of a conservative amino acid replacement was important in defining the rules for our computer search, which will be discussed later.
For two of the proteins in Table 1 (rho and GO), only incomplete sequence data are available; however, based on their similarity to the family sequence they seem to match the elements of the consensus sequence. As shown in Table 1 , transducin has two matches to the second conserved sequence element, DXXG. We would predict that DVGGQ (196) (197) (198) (199) (200) ) is most likely the proper element and not DSAGY (146-150) as proposed by McCormick et al. (6), since the DVGGQ sequence is also found in the G-protein family. This choice of DXXG sequence also allows for a conservation in the second spacing of40-80 amino acids for all of the proteins studies the asparagine residue in this sequence is proposed to interact with the keto group of the guanine ring, the lysine forms part of the hydrophobic pocket, and the aspartic acid interacts with the amino group of the guanine ring (5, 6, 43) . The deviation in consensus sequence is consistent with the ability ofboth enzymes to use either guanine or inosine nucleotides (44, 45) , whereas most of the other proteins cited will use only guanine nucleotides (46, 47 Table 1 should use dGTP with about the same efficiency as GTP. FMDV and EMC virus have the second consensus element.
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As seen in Table 3 , only the FMDV protein 2C contains the third element of the consensus sequence specifying guanine and therefore we would predict that only this protein would bind GTP. As there is a functional correlation along the genome for each protein in each of the viruses listed in Table  3 and we would predict FMDV protein 2C binds GTP, we would also predict that protein 2C from each of the other viruses binds nucleotide triphosphates, although we cannot predict the base specificity. Based on the conservation of the GXXXXGK sequence, Gorbalenya et al. (41) have also suggested a nucleotide-binding property for viral protein 2C from FMD, polio, encephalomyocarditis, and cowpea mosaic viruses. In a review of the literature, the sequence of another serotype of FMDV was found. This serotype has several amino acid substitutions in protein 2C and one of the substitutions is the asparagine in NKXD to a serine (54) . We would continue to predict that this protein 2C binds a nucleotide; however, it is not certain that the protein would bind GTP.
Since the first two consensus elements are involved with phosphate binding (6), those proteins in Table 2 The consensus sequence includes the sequence elements GXXXXGK, DXXG, and NKXD with spacings of 40-80 amino acids between the first and second and between the second and third sequences. As described in Materials and Methods, the odds of a chance occurrence of the consensus sequence in a protein containing 1000 amino acids is approximately 1 in 5000 to 1 in 10,000. During a testing of the predictive value of the sequence in a screening of the PIR protein sequence data base, only known GTP-binding proteins were found to match this consensus sequence with the exception of FMDV protein 2C. Other groups have looked for homology among the GTP-binding proteins and have identified regions of homology containing limited amino acid sequence conservation (57, 58) . However, our consensus sequence is significantly different from these regional homologies (which do not define specific amino acid sequences) in that our sequence is a true consensus based on the sequence of many GTP-binding proteins with dramatically different functions. Though it has been suggested that many of these guanine nucleotide-binding proteins (EFs, G proteins, tubulin, transducin) may be evolutionarily related, as they have a similar subunit composition, they can be ADP-ribosylated, and they undergo conformational changes (signal transduction) depending on the nucleotide bound (59), the finding of the consensus sequence also in PEPCK and GTP:AMP phosphotransferase extends the consensus sequence to proteins having enzymatic functions.
However, there are known GTP-binding proteins that have been sequenced and fail to match the consensus sequence. aand P-tubulin bind GTP and yet fail to match the consensus sequence elements presented in this paper (60, 61) . a-Tubulin has at least one property that may explain why it does not match the consensus sequence. a-Tubulin binds GTP in what is described as a "nonexchangeable" manner (62) . This difference in GTP-binding property is consistent with the lack of a match to the consensus sequence; however, P-tubulin does not have any unusual properties that might explain its lack of the GTP-binding domain consensus sequence. Due to these known exceptions and the potential for more, we would suggest that there are at least several different GTP-binding domains, one characterized by a-tubulin, one by p-tubulin, and one by the proteins that match our consensus sequence with the possibility of a subset for those proteins that do not follow the "standard spacing" rule of40-80 amino acids (i.e., GTP:AMP phosphotransferase, G protein, and transducin). Before any conclusive statements about different GTPbinding domains can be made, the various GTP-binding proteins must be studied by x-ray crystallography.
Recently, several laboratories have characterized a common glycine-rich sequence found in many ATP-binding and other nucleotide-binding proteins (3, 4, 41, 42) . This sequence would match our first consensus element and therefore could be important for phosphate binding (6) . However, there is a major difference between the glycine-rich region seen in the ATP-binding proteins and the consensus sequence element described here for the GTP-binding proteins. In the ATPbinding proteins, the glycine-rich region cannot be characterized by a defined sequence and used as a predictive tool. The ATP-binding proteins, however, have been characterized at the secondary and tertiary structure level by the Rossmann fold (1, 2) . An interesting comparison to make is the lack of a true consensus sequence for the ATP-binding proteins and the strong conservation in sequence among the Biochemistry: Dever et al. To conclude, a significant value of this GTP-binding domain consensus sequence is its possible predictive function. We have tested the predictive value of the consensus sequence on the PIR protein sequence data base and have found only one protein that matches the consensus sequence and is not a known GTP-binding protein. From this search, we predict that the FMDV protein 2C should bind GTP and the other virally related 2C proteins should bind a nucleotide (ATP, UTP, or CTP) as part of their function. With the rapid accumulation of more protein sequences, the consensus sequence presented in this paper can be used as a tool to predict whether a protein might bind GTP. Moreover, we would predict that a GTP-binding protein that allows substitutions at the 2' and 3' positions of the GTP molecule (indicating direct exposure of these hydroxyls to solvent) would be an excellent candidate to have the consensus sequence described in this paper, and a GTP-binding protein with NKXW in place of NKXD for the third element in the consensus sequence would bind ITP with equal efficiency as GTP. These predictions will be easily testable as more protein sequences become available.
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